The TOR (target of rapamycin) proteins play important roles in nutrient signaling in eukaryotic cells. Rapamycin treatment induces a state reminiscent of the nutrient starvation response, often resulting in growth inhibition. Using a chemical genetic modifier screen, we identified two classes of small molecules, small-molecule inhibitors of rapamycin (SMIRs) and small-molecule enhancers of rapamycin (SMERs), that suppress and augment, respectively, rapamycin's effect in the yeast Saccharomyces cerevisiae. Probing proteome chips with biotinylated SMIRs revealed putative intracellular target proteins, including Tep1p, a homolog of the mammalian PTEN (phosphatase and tensin homologue deleted on chromosome 10) tumor suppressor, and Ybr077cp (Nir1p), a protein of previously unknown function that we show to be a component of the TOR signaling network. Both SMIR target proteins are associated with PI(3,4)P 2, suggesting a mechanism of regulation of the TOR pathway involving phosphatidylinositides. Our results illustrate the combined use of chemical genetics and proteomics in biological discovery and map a path for creating useful therapeutics for treating human diseases involving the TOR pathway, such as diabetes and cancer. drug discovery ͉ drug target identification ͉ proteomics ͉ diabetes † Present address:
T he development of experimental methods to modulate selectively the properties of proteins is central to defining the principles that underlie signaling networks (1) (2) (3) (4) (5) (6) (7) (8) (9) . Although phenotype-based chemical genetic screens have been highly successful in identifying conditional probes for dynamic cellular processes (10) as well as potential leads to therapeutic drugs (11) , subsequent target identification is currently the rate-limiting step in this approach. Using the budding yeast Saccharomyces cerevisiae as a model system, we illustrate herein an efficient small-molecule target identification strategy for chemical genetics that relies on proteome chips. We apply this strategy to the discovery of putative intracellular targets of small molecules that modify the cellular effects of rapamycin, a Streptomyces hygroscopicus polyketide macrolide that is a promising anti-cancer drug (12) .
TOR (target of rapamycin) proteins are phylogenetically conserved from yeast to humans, and are members of the phosphatidylinositol kinase (PIK)-related kinase family (13) , which includes the DNA-damage checkpoint proteins ATM (mutated in ataxia telangiectasia), ATR (ATM-related), and DNA-PKcs [mutated in severe combined immunodeficiency (SCID)]. TOR is a central regulator of cell growth in response to nutrient signals (14) . The TOR-dependent nutrient-response network controls many aspects of metabolism, the deregulation of which may lead to diseased states. For example, organ transplant patients treated with rapamycin have been found to develop hyperglycemia and hyperlipemia (www.wyeth.com), a state characteristic of non-insulin-dependent diabetes mellitus. We developed a high-throughput phenotypebased screen to search for chemical genetic modifiers of the rapamycin-sensitive functions of TOR. By identifying small molecules that selectively modify the rapamycin-sensitive pathways, we hope to gain a better understanding of the cellular effects of rapamycin and, ultimately, to be able to modulate TOR function in vivo. Here, we report the discovery of small-molecule inhibitors of rapamycin (SMIR) that impinge on the TOR network. To gain insight into the molecular mechanisms of these small molecules, we performed gene expression profiling and probed proteome chips with the small molecules. These studies identified genetic modifiers of the TOR-signaling network and suggest a mechanism of regulation of the TOR pathway involving phosphatidylinositides.
Materials and Methods
Chemical Genetic Screen. Wild-type (rapamycin-sensitive) yeast cells EGY48 or BY4741 were inoculated into yeast extract͞peptone͞ dextrose͞adenine (YPDA) containing 100 nM of rapamycin and robotically dispensed at 40 l per well into clear-bottomed 384-well plates by using a Multidrop 384 (LabSystems, Chicago). We used 384-pin arrays (Genetix, Boston) to transfer 50-100 nl of compound per pin from the library plates to assay plates. Thus, the final concentration of the library compound assayed was estimated to be Ϸ100 M. The assay plates were incubated at 30°C, and yeast growth was scored by visual inspection once a day for 5 days. Compounds responsible for the distinct growth phenotypes were then retested to confirm the activity.
Transcript Profiling of Yeast and Human Cells Treated with Rapamycin
and SMIRs. Exponentially growing cells were treated with rapamycin for 30 min in the presence or absence of SMIRs. The final concentration of rapamycin was 100 nM for yeast and 20 nM for human Jurkat cells. RNAs were prepared according to Affymetrix protocols and used for hybridization to Ye6100 Arrays or Hu35K Arrays (Affymetrix, Santa Clara, CA).
Yeast Proteome Chip Probing. The yeast proteome chips were prepared as described (15) . To block the proteome chips before probing, the chips were immersed in PBS buffer with 1% BSA at 4°C overnight without shaking. After the chips were washed three times with 50 ml of fresh PBS buffer, 180 l of 200 M SMIR3-biotin or 10 M SMIR4-biotin in PBS buffer containing 1% BSA and 0.1% Nonidet P-40 was added to the proteome chips. The binding reactions were carried out in a humidity chamber at room temperature for 1 hour without shaking. The chips were then washed extensively with a large volume of PBS buffer containing 0.1% Nonidet P-40. To detect the bound small molecules on the chip, Cy3-labeled streptavidin (1:10,000 dilution) in PBS buffer was added to the surface of chips and incubated at room temperature for 30 min. The chips were then washed with a large volume of PBS buffer and spin-dried, and the image of the chips was obtained by a microarray scanner (Axon Instruments, Foster City, CA). The positives were finally identified based on the algorithm described in ref. 15 .
Results and Discussion
To identify small-molecule modifiers of rapamycin, we performed a chemical genetic suppressor screen ( Fig. 1 A and B) using a collection of 16,320 small molecules (Diverset E, ChemBridge, San Diego). The primary screen was based on the growth inhibitory property of rapamycin in wild-type yeast cells. Small molecules were screened for their ability to rescue yeast growth in YPDA containing 100 nM rapamycin. From this screen, six compounds were identified that fully suppressed rapamycin's anti-proliferative effect (SMIRs), allowing the cells to double at a rate indistinguishable from those not treated with rapamycin. An additional 20 SMIRs (not yet characterized) were also found to restore yeast growth, although at a slower rate. The same screen also yielded 57 small molecules that caused synthetic lethality with rapamycin (SMERs) ( Fig. 1 A) . The structures of the fast-acting SMIRs (Fig. 1C ) have been confirmed by proton and carbon NMR ( 1 H and 13 C NMR), mass spectrometry, and resynthesis. Dose responses of the SMIRs are shown in Fig. 1D . Minimal inhibitory concentrations (MIC) for SMIR3 and SMIR4 (corresponding to 20 nM of rapamycin) were determined to be Ϸ10 nM and Ϸ0.16 nM, respectively (Fig. 1E) .
The suppressor activities of the SMIRs seem to be restricted to rapamycin, because they are unable to suppress the effects of other antiproliferatives tested, including juglone, nocodazole, and cycloheximide (data not shown). We believe that neither SMIR3 nor SMIR4 acts by altering cellular uptake or export of rapamycin, because many aspects of the rapamycin transcript profile remained (see below) in the presence of SMIR3 (at saturating concentrations) or SMIR4 (at suboptimal concentrations).
It is known that intracellular formation of a ternary complex of the immunophilin protein FKBP12, rapamycin, and the TOR protein modulates translational regulation in response to nutrient deprivation (16) . More recent studies revealed that this ternary complex directly regulates a transcriptional network that responds to nitrogen and carbon sources (17) (18) (19) (20) . To elucidate the cellular pathways affected by the SMIRs, we performed genome-wide mRNA abundance-profiling experiments and compared the profiles generated from rapamycin-treated cells in the presence versus absence of the SMIRs. At a threshold of 3-fold change, 492 genes were up-regulated, and 588 genes were down-regulated upon treatment with rapamycin for 30 min (Table 1 , which is published as supporting information on the PNAS web site). As shown in Fig.  2A , rapamycin induces transcription of GDH3, the NADP ϩ -linked glutamate dehydrogenase; SMIR4 eliminates this increase in GDH3 transcription, reducing it to the level in cells not treated with rapamycin. Similarly, rapamycin-induced decrease in transcription of URA7, the CTP synthase that catalyzes the last step in pyrimidine biosynthesis, is eliminated by SMIR4. In the absence of rapamycin, SMIR4 alone has minimal effects on gene expression. In fact, nearly all changes in gene expression induced by rapamycin are completely reversed by an optimal concentration of SMIR4 ( Fig. 2 B and C and Table 1 ). These results indicate that SMIR4 is able to reverse most cellular changes caused by rapamycin as assayed by whole-genome expression profiling. In contrast, SMIR1, -2, -3, and -6 reversed changes in the expression levels of only a subset of genes ( Fig. 2B and C and Table 1 ). Interestingly, as we lower the concentration of SMIR4 used, its transcript profile becomes similar to that of SMIR3, suggesting that the mechanisms of action of these small molecules are related and that at high concentrations SMIR4 may have more than one target. These profiling results provide molecular evidence for an uncoupling of rapamycin-sensitive TOR functions that are essential to cell viability and those that are not. These data also suggest the possibility for using SMIRs to selectively modulate the effects of rapamycin in the cell.
This ability to uncouple various aspects of TOR function may be harnessed to eliminate undesired effects of rapamycin in the clinic. In expression profiles obtained from human T cells, SMIR3 and SMIR4 were also found to suppress rapamycininduced changes ( Table 2 , which is published as supporting information on the PNAS web site). These data suggest that SMIR3 and SMIR4 may target evolutionarily conserved elements between yeast and mammals.
To understand the molecular mechanisms of SMIR action, we synthesized biotin-conjugated SMIR3 and SMIR4 molecules (which retained their bioactivities in vivo) and used them to probe a proteome chip containing nearly the entire yeast proteome (15) for SMIR-binding activities. Binding of biotinylated SMIR3 and SMIR4 to proteins was detected by probing with a fluorescently labeled streptavidin conjugate. Eight candidate protein targets for SMIR3 and 30 candidates for SMIR4 were identified from these experiments ( Table 3 , which is published as supporting information on the PNAS web site). SMIR3 binds strongly to only one protein, Tep1p, the yeast homologue of the mammalian tumor suppressor protein PTEN (phosphatase and tensin homologue deleted on chromosome 10) (21), which is a 3-phosphoinositide (PI) phosphatase (22, 23) with substrate specificities toward PI(3,4,5)P 3 and PI(3,4)P 2 . SMIR4-binding proteins include a known suppressor of tor2 mutation (Rot1p) and 29 other proteins that were not known to be involved in Tor signaling ( Fig. 3A and Table 3 ). Among these proteins, five are strong binders to SMIR4 based on fluorescence intensity measurements from the proteome chip.
If one of these SMIR-binding proteins is a bona fide target of a SMIR in vivo, then elimination of that protein from yeast cells should ideally satisfy two conditions: (i) it should alter the cell's sensitivity to rapamycin, and (ii) it should reduce the ability of SMIR to suppress rapamycin's effect. To address the first condition, we tested the rapamycin sensitivity of yeast strains with deletions in each of the candidate proteins identified by the proteome chip. Of the eight SMIR3 binders, none conferred altered rapamycin sensitivity. Of the 30 SMIR4 binders, only one altered rapamycin sensitivity: Ybr077cp deletion is hypersensitive to rapamycin (Fig.  3B ). YBR077C encodes a protein of unknown function and has no obvious mammalian homolog at the sequence level. As expected from the second condition for a bona fide target of SMIR4 in vivo, we found that YBR077C is required for SMIR4 to suppress rapamycin efficiently (Fig. 3B ). Our result suggests that YBR077C is a new genetic modifier of the TOR pathway. Among the other SMIR4 binders, ROT1 was previously identified as a suppressor of essential cytoskeletal function only for TOR2, which is not sensitive to rapamycin (24) , and thus it may not be relevant to the suppressive actions of SMIR4. The lack of a rapamycin phenotype in rot1⌬ cells (Fig. 3B ) is in agreement with this interpretation. Ras2p, which was one of five proteins that binds strongly to SMIR4 (Fig. 3A) , was recently reported to be involved in TOR signaling (25) . However, just as was observed in this work, we did not detect any change in rapamycin sensitivity in ras2⌬ cells ( Fig. 3B and unpublished results) and SMIR4 was fully active in ras2⌬ cells (Fig. 3B) . Thus, we believe that Ras2p may not be relevant to the actions of SMIR4. To confirm that rapamycin hypersensitivity in ybr077c⌬ cells is due to inhibition of TOR, we asked whether the hypersensitivity can be suppressed by the rapamycin-resistant TOR1-1 allele (a point mutant of TOR1 that encodes a functional Tor protein that does not bind FKBP-rapamycin) (26) . We transformed ybr077c⌬ strain with a plasmid carrying TOR1-1 or a wild-type TOR1 control plasmid and found that TOR1-1 (but not the wild-type) allele confers complete resistance to rapamycin in ybr077c⌬ cells. Also, forced expression of YBR077C rescues the hypersensitivity of ybr077c⌬ cells and raises rapamycin resistance in wild-type cells (W. Zou and J.H., unpublished results). These results support YBR077C's function in the rapamycin-sensitive TOR network, which is further corroborated by the following observations. First, a transcript profile of untreated ybr077c⌬ cells is strikingly similar to rapamycintreated wild-type cells (Fig. 4C) , indicating a requirement for Ybr077cp in TOR protein function. That Ybr077cp may be directly involved in TOR protein signaling is consistent with its cellular localization. We know from database (http:͞͞yeastgfp.ucsf.edu) searching that both Ybr077cp and the recently discovered Tor1p partner Kog1p (homolog of mammalian Raptor) (27) are localized to the vacuolar membrane. Next, ybr077c⌬ tor1⌬ double mutants exhibited multiple synthetic defects. For example, the growth rates of the double mutant spores are evidently retarded, and the double mutant cells are more sensitive to rapamycin than either single deletion mutant (data not shown), suggesting a functional interaction between YBR077C and TOR1. Lastly, we asked whether ybr077c⌬ cells display any defect in TOR-dependent nutrient signaling. Indeed, we found that ybr077c⌬ cells are Ϸ10 times less susceptible to cell death when challenged with a ''glucose only'' condition (28) compared with wild-type cells (unpublished results). This phenotype may be rationalized by a deficiency in the TOR pathway to sense and͞or transduce the glucose signal in the absence of ybr077cp, consistent with the profiling data of ybr077c⌬ cells (Fig.  4C ). We conclude that YBR077C encodes a new factor that partakes in rapamycin-sensitive TOR signaling, and we name it NIR1. It is intriguing that Ybr077cp was detected to bind PI(3,4)P 2 in vitro (http:͞͞bind.ca), suggesting a possible involvement of PIs in regulating TOR pathway activity (see below and Fig. 4A ).
Interestingly, in ybr077c⌬ cells, SMIR3 is also unable to suppress rapamycin ( Fig. 3C ), suggesting that SMIR3 may interfere with the same pathway or through similar mechanisms. The lack of additive or synergistic effects between SMIR3 and SMIR4 is in accordance with this possibility. In this light, it is interesting to note that the only strong binder for SMIR3 is Tep1p, whose putative substrates include PI(3,4)P 2 based on its homology to PTEN (phosphatase and tensin homologue deleted on chromosome 10) (21, 23) . It has been reported that, whereas some PTEN null tumors are resistant (29) to CCI-779, a rapamycin ester currently in clinical trials as an anti-cancer agent, others are more susceptible to it (30, 31) . These data suggest the importance of other genetic elements in determining CCI-779 sensitivity (32) . Although tep1⌬ yeast exhibits normal levels of rapamycin sensitivity, we reasoned that, if Tep1p were indeed involved in TOR signaling, then some of the proteins with which it interacts may also play a role in TOR signaling (''guilt by association''), and their deletion may cause a detectable change in the cell's sensitivity to rapamycin. Tep1p has been found to be associated with six proteins by yeast two-hybrid screening (www.yeastrc.org͞cgi-bin͞unknownorfs͞orf.cgi?orf ϭ YNL128W#TH). We looked up these proteins in the data set of rapamycin-hypersensitive or -resistant gene deletions determined from a chemical genomic screen (unpublished data). One of the Tep1p-interacting proteins, Apl2p, when deleted conferred hypersensitivity to rapamycin. Apl2p deletion also abolished SMIR3's ability to suppress rapamycin (data not shown). Like Tep1p, Apl2p is highly conserved in mammals by protein sequence comparison. How Tep1p-Apl2p and PIs are involved in TOR signaling and rapamycin sensitivity are fascinating subjects for future investigations.
Our current model for the molecular mechanisms of SMIR3 and SMIR4 in overcoming the antiproliferative effect of rapamycin is depicted in Fig. 4A . From our data, binding of SMIR4 to Ybr077cp apparently causes a gain of function in Ybr077cp. We speculate that SMIR4 by binding to Ybr077cp may dissociate it from a negative regulator (X), thereby allowing cells to grow under compromised TOR function (e.g., by the presence of rapamycin). Database (http:͞͞biodata.mshri.on.ca͞yeastgrid͞servlet͞SearchPage) searching suggests the existence of a network of Ybr077cp-interacting proteins (Fig. 4B ). Deletion of a few of these proteins conferred opposite response (i.e., resistance) to rapamycin (Fig. 4B ) as compared with deletion of Ybr077cp. These proteins and possibly other unidentified interacting proteins (either directly or in a multiprotein complex) represent candidates for the inhibitory activity X proposed in Fig. 4A .
In this study, we report the identification of small molecules that are capable of suppressing rapamycin's inhibitory effects on growth. This chemical genetic approach emulates the logic of classic genetic modifier screening and has led to the discovery of a yeast gene (YBR077C) that appears to take part in TOR signaling. The proteome chip-based target identification strategy provides a systematic and efficient alternative to affinity chromatography, which is biased toward high-abundance proteins. This method also provides valuable proteome-wide information for estimating the specificity and binding affinity of the small molecules.
